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In the pursuit of faster, better, chcapcr,  the
Jet Propulsion laboratory (JPL) is scaling down all
of its missions. “Ilattlc  S t a r  Galacticas” a r c
rcplacccl  with micro spacecraft and moon mining
trucks succumb to micro rovers. Micro cicviccs take
a d v a n t a g e  o f technological progress in
miniaturization, microchips, micro gears and
lightweight structures. Just about every spacecraft
subsystcm  has gone through a shrinking process.

The only heavy spacecraft component that
has rcsistccl change is  the power source.  JPI,,
cnrlicr  this year, stuclicd  the feasibility of Mars
Network Mini-Met stations and micro rovers.
q’hcsc space vchiclcs wi l l  have  ve ry  l imi ted
missions unless a dcvicc like the Powcrstick  is
dcvclopcd. These missions shy away from
Raclioisotopc  Thcrmoclcctric Generators (RTGs)
bccauscof  thcunavailabili  tyof small units and the
high costs to develop thcm.

The Powcrstick  satisfies all thccicmancls  for
a power source for these small missions at a
potentially very small price. Powcrstick  i s  a
min ia tu re  power  source  tha t  cons i s t s  o f  a
Radioisotope llcatcr  Unit (Rll U), a thcrrnoclcctric
thcrmopilc  and a bank of small  ba t t e r i e s .  The
RIIU i s  a  s p o t  h e a t e r  prociucccl  by DoE a n d
commonly usccl on spacecraft. The R1l U is USCC!  in
the Powcrstick  as a source providing heat to a
thcrmoclcctric clcmcnt. I t  a p p e a r s  t h a t  t h e
powcrstick,  using a single R}l U and a bisnluth-
tclluricic  thcrmoclcctric  convcrtcr, is  capable of
producing42  milliwattsat  15 voltsat the beginning
of life. q’his would  rcducc to 37 mil l iwatts  at 14
volts after 10 years of operation. This electricity
would  t r i ck le  cha rge t h e  lithiunl  b a t t e r i e s
providing peak power to a micro rover, a mini
meteorological station or a micro spacecraft.

The attractive feature of the Powcrstick  is
its potential for low clcvclopmcnt  cost. The final
design of the powcrstick  must assure that there is
no need for requalification of the R]IU. Without
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such a requalification, the dcvcloprncnt  cost of the
l’owcrstick will bc quite low.

]Inportance  of the Powcrstic&

Many small  autonomous robotic packages
cannot bc outfitted with solar panels bccausc  of
large array siz.c, difficulties in array orientation,
o r  damage  duc  to  p lane ta ry  o r  comet  dus t
environment. On Mars, just like on Earth, solar
power is cffcctivc  only C1OSC to the equator. For a
global  covcragc wi th  such  smal l  packages  a s
miniature scismomctcrs,  rnincral  scouts and in-situ
meteorological sensors, the only existing power
sources arc batteries that can last only for several
hours, The availability of a Powcrstick  would
alleviate all the above problems with solar  arrays
and batteries for all micro instruments dcvclopcd
for a planetary program.

The dcvclopmcnt  of a Powcrstick  will have
a great impact on the whole micro-world. The
Powcrstick may bc used in any autonomous scicncc
package that either uscs continuous power at a
level  of  a  fract ion of a watt  or  can operate
intermittently by using energy from the batteries.
~“hcrc arc several such micro dcviccs currently
being investigated at JPI,. For example, a micro
scismomctcr  is being dcvclopcd that requires lCSS
than 1 watt to operate. The next generation of
scismomctcrs  is cxpcctcd to consume no more than
0.1 W. Scismomctcrs  require power sources that can
last for years duc to the sporadic nature of seismic
events. An alpha-proton-x-ray spcctrornctcr  that is
being dcvclopcd  for small rovers to investigate
rock composition would require about onc third of
a watt, which again is within the range of a
l’owcrstick.  “]’hc next generation of cameras using
princip]cs  of active pixel sensors could operate
consuming only a fraction of a watt.

There arc also a number of micro spacecraft
instruments and subsystems that coulci opcmtc
using distributed instead of ccntraliz.cd  power.
instruments such as magnctomctcrs  that must bc
located on cxtcndcd  booms arc perfect candidates
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for clistributcci  power . Powcrsticks  could also
supply spot heating to the dcviccs they power.
Such an approach could bc considered for a micro
spacecraft.

q’hc Mars Environment Survey (MFSUR)
Network mission studied earlier this year sclcctcd
the Powcrstick  as the baseline power source for its
Mini-Meteorological stations. Powcrsticks  would
produce enough continuous power to operate a
scqucnccr  while trick lc charging the batteries. The
battery power would bc used every fcw weeks to
operate the instruments and transmit the data.
Without  a  dcvicc like the Powcrstick,  it will bc
difficult toopcrntc  anydcviccs  in the polar regions
of h4ars.

A Powcrstick could also bc carried on a
microrovcr  rclcascd by a lander. It would incrcasc
the mission life from a fcw days to years. ‘1’hc
Powcrstick  could propel  a  micro rover a  fcw
hundrccl  meters in a day, followed by a charging
Cycle, sc i en t i f i c mcasurcmcnts and d a t a
transmission and another charge cycle. ~’his
scqucncc  could bc rcpcatcd  for years enabling vast
terrain covcragc.

Clirrenl Design  lfforts

‘1’0 ascertain t h e  f e a s i b i l i t y  o f  t h e
Powcrstick concept, a small  amount of JP1, internal
r e s e a r c h  f u n d i n g  was ob ta ined  to  bu i ld  a
prototype. ~’hc initial objcctivc  of the prototype
dcvclopmcnt  is to ictcntify the rcquircmcnts  for the
l’owcrstick.  It is important not to bc shortsighted
and to design the l’owcrstick to support a variety
of future missions. A survey of applications of a
l’owcrstick for instruments on micro spacecraft,
micro rovers, deployable autonomous instruments
for planetary surfaccs and autonomousscnsors  will
bc performed to establish the power, size, weight
and  rad ia t ion  rcquircmcnts  fo r  space  power
Replications,

~’hc main objcctivc  of this work is to design
a n d  b u i l d  a p r o t o t y p e  o f  a Powcrstick.  A
successful prototype of a Powcrstick  may open the
door to a whole ncw class of space power sources.
“1’hc operation of this dcvicc will bc demonstrated
using an electric heat source. An electrically
heated RIIU wasobtaincd  from the Galileo project
to serve as a simulator. Several Hi-1’c thcrmopilcs
arc being procured from the old mil i tary and
paccmakcr  programs. Finally, “AA” lithium

titanium disulfidc  lA1l batteries will bc obtained
from the manufacturer who supplies thcm for
testing on an ongoing NASA program. The
llcpartmcnt  of Energy is helping the design effort
by providing guidance and critique of approaches
via its consultant, Fairchild Space. The final
objcctivc  of the l’owcrstick prototype effort is to
establish a dcvclopmcnt  plan, including schcdulc
and cost, for a space qualified powcrstick,  q“hat
activity will also bc conducted in cooperation with
the personnel from DoE and Fairchild Space.

Technical Backggl~—.

The Powcrstick  was conccivcd to ovcrcomc
some of the non-tcchnica]  shortcomings of the
Radioisotope I’hcrmoclcctric  Generators (RTGs).
“1’hc Powcrstick  will usc a Radioisotope }Icatcr
LJnit (R II U), which is an off-the-shelf, DoE
prociuccd  itcm,  that has already been qualified for
the Galileo and Cassini  missions. The Powcrstick
will not require any technological breakthroughs.
The RIIU, as mentioned before, can bc purchased
f r o m  IloIi, the  ba t t e r i e s  a rc already under
dcvclopmcnt  by the JPL battery group and all the
other components arc readily available. I’hc
novelty of the design Iics in utilizing all of these
conlponcnts  in a mutually complementary cicsign as
explained below.

T’hc }{11 U i s  a  hea t  sou rce  des igned  t o
provide 1 W of thermal power in a package roughly
the size of a 11-cell battery. The entire unit is a
right circular cylinder 32 mm high, 26 mm in
diameter and weighs 40 grams [1]. “1’hc graphite
heat shield and thermal insulation package is
sufficient to maintain the integrity of the fuel
pellet even under worst case rc-entry conditions. A
large number of these units were used to provide
local heating on the Galileo spacecraft and arc
basclincd  for usc on the upcoming Cassini  mission,
“1’hc heat from the RIILJ  would also bc used to
maintain the tcmpcraturc  of the batteries and the
microchip convcrtcr, and the reject heat also could
bc used to provide spacecraft heating, if desired.
As can bc seen, the RIIU, when used within a
Powcrstick, would serve a dual role as a source of
electrical power, as WCII as a heater,

The Powcrstick  will usc l,iTiS2rccha  rgcablc
batteries. These arc state-of-the-art batteries that
boast 120 Wh/kgcncrgy  densities, which is about 3-
4 times that of the popular nickel-cadrnium.



The “AA” 1 Ah CCII batteries arc currently under
cicvclopmcnt  sponsored by National Aeronautics
and  Space Administration Hcaclquartcrs,  Code C.
The prototype of these cells can bc purchased from
the manufacturer. The prototypes will have the
same performance as the flight CCIIS, but will no!
bcspacc qualificcl. The Powcrstick  will usc 14 CCIIS
in two banks giving an average output of 2 Ah at
14 volts. This voltage can bc clown regulated to the
user voltages by a microchip regulator or DC-DC
convcrtcr. S u c h  a  convcrtcr c a n  o u t p u t  a
combin~tion  of 12, 5 or 3.5 volts with an efficiency
of 85%. Rccausc  of the very small chtirgc  current,
it is not cxpcctcd that a battery charge circuitry
will bc nccclccl.

D@gln~onsidcratio~

A Powcrstick,  which uscs an RIIU, imposes
n u m e r o u s  rcquircmcnts  on the design of  the
thcrmoclcctric convcrtcr. ‘1’o gcncratc  the electric
power from a single R1l U with a voltage of 510 ?70
VDC,  m a n y  thcrmoclcctric  c o u p l e s  m u s t  bc
conncctcrl  in series.  The RIIU has a v e r y  l o w
thermal flux; about 0.2 W/cn~2 if all of the heat
could bc dircctcci  through onc end. This can bc
conccntratccl  by about 10 fold, through the usc of
a heat collector, but the rcquircmcnt for many
couples i n series limits the amount of
concentration. The combination of many COUPICS
in series and a low heat flux, means that the legs
ncccl to have a very small cross-section and  bc very
long. In  o rde r  to  amel io ra te  th i s  problcm
s o m e w h a t ,  it wou ld  bc clcsirablc  to  l imit  the
tcmpcraturc  ciiffcrcntia] across the thcrmoclcctric
convcrtcr.  ~’his  serves two purposes: it rcduccs the
required lcglcngths  and  rcduccs the parasitic Iosscs
from the sides of  the R}l U. IJowcvcr, it also
rcduccs the conversion cfficicncy,  thcrcforc,  it is
crucial to have a material with a very high figure
of merit.

I:our  d i f f e r e n t  thcrmoclcctric mntcrials
were evaluated to dctcrminc which would give the
b e s t  p e r f o r m a n c e  i n  a s s o c i a t i o n  w i t h  t h e
Powcrstick. 3’hcsc  materials were: silicon-
gcrmaniurn,  Icad-tclluridc,  bismuth-tclluridc  and
aclvanccd  mater ials  current ly being dcvclopcd by
JI’1,. Of these rnatcrials,  it appears that bisnluth-
tclluridc  i s  t h e  p r c f c r r c d  matcrinl f o r  t h i s
application. It has the highest figure of merit and
is best when opcratcci  at rclativciy low

tcmpcraturcs ( b e l o w  200”C). Operat ing the
convcrtcr  at low tcmpcraturcs makes it easier to
c]cctrically  isolate the thcrmoclcctric  legs and will
rcciucc mate r i a l  degrada t ion and interaction
problems.

Several companies have already fabricated
modules with bismuth- tclluricic, which have legs
which arc 0.30 to 0.38 millimeters by 0.30 to 0.38
millimeters in cross-section and arc 12 to 15
millimeters long. I’hcsc  w e r e  dcvclopcd  a n d
fabricated for nuclcarpowcrcd  cardiac pacemakers
[2]. 2’})c legs arc electrically separated from each
other by Kapton, with epoxy used to bond all of
the legs together into a module. Evaporated gold
was used to electrically interconnect the N and P
legs together intoa scrics  array. ‘1’hc moclulc would
bc electrically insulated from the heat sourcc  using
Kapton,  2’JIc thermal intcrfacc  would come from
a pressure contact (intcrfacc  pressure in cxccss of
1 mcgapasca])  to the heat source using bcllcvillc
washers. I’hc cold s ide would bc bonclcd  to a
radiator to provide cooling.

~nalysis

A finite diffcrcncc thermal model of the
R}IU wasgcncratcd.  It was used for thccvaluation
of the thcrmol pcrforrnancc  of the Powcrstick  and
to dctcrminc the amount of thermal insulation
nccctcd. It was also used to evaluate the platinun~-
rhodium clad tcmpcratur  c,toassurct  hat it remains
within its limits.

T h e  RIIU acroshcll  i s  made  f rom Finc-
Weave-Picrccd Fabric (1’WPF) which is a composite
of polyacrylonitrilc  fibers. This acroshcll  has high
thermal conductivity in all directions and thus,
acts as a n  cxccllcnt h e a t  c o l l e c t o r  f o r  t h e
thcrmoclcctric convcrtcr.  Dccausc  o f  t h e  l o w
thcrrnal fluxes and high thermal conductivity of
the acroshcll,  the outside of the R}l LJ is nearly
isothermal even when most of its thcrrnal power is
dircctcd through a relatively small area of onc cnd
of the R}l U. The configuration that was chosen
for the Powcrstick convcrtcr clcsign, was to Iocatc
a single thcrmoclcctr  icconvcrtcr  on the ccntcr line
of onc cnd of the R1l U and surround the pcrirnctcr
and other cnd of the RHU with thcrrna]  insulation.

A thermal analysis was carried out for two
different  kinds of  thermal insulat ion,  MI N-K
1301,  which is produced by Johns-Man villc, was
examined, assuming that it would operate in a
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vacuum environment. MI N-K 1301 hasa maximum
scrvicc tcmpcraturc  of 700° C and  a clcnsity  of 0.4
granl/cnls.  Its thermal conductivity in vacuunl, at
the assumccl operating conditions of 300 K to 500
K, is 1 x 10-4 W/cm-K. T h e  scconcl thcrrnal
imulator  m a t e r i a l  t h a t  w a s  cvaluatcci  w a s  a
prototype super insulation dcvclopcd by I,indc. It
consists of aluminum foils separated by glass fiber
paper, which is most cffcctivc in vacuum. Its
equivalent thcrrnal  conductivity is 3 x 10-6 W/cm-
K, which is 30 times more cffcctivc  than MlN-K,
however, it is more susceptible to edge and corner
10SSCS and could suffer greater degradation should
it not bc in a vacuum environment.

In order to force n reasonable fraction of
the heat (about 70°/0) through the thcrmoclcctric
module, it is ncccssary to surround the R1l U with
about 30 mm of cvacuatcd  MI N-K thermal insu-
lation. It wascstimatcd  that an cquiva]cnt  thermal
performance could bc obtained with about 10
layers Or super insulation (about 3 mm of

thickness). in addition to the heat which bypasses
the rnodulc,  about 5 to 100/o of the heat that goes
through the module goes through the Kapton
andcpoxy, r a t h e r  t h a n  t h e  bismuth-tclluridc
thcrmoclcctric mate r ia l , Add i t iona l  thcrma]
resistance was assumed for the ccl] contacts to the
heat source and the radiator, which dccrcascs the
cffcctivc  tcmpcraturc differential  across the
bismuth-tclluridc.  Bccausc  of the low operating
tcmpcraturcs, the performance of the bisn~uth-
tclluridc  is not cxpcctcd to degrade significantly
with time. IIowcvcr,  the thermal power of the
RIIU dccrcascs with time which will dccrcasc the
power from the thcrrnoclcctric  convcrtcr as a result
of  dccrcascd thermal input  and a dccrcascd
tcmpcraturc  gradient.

‘1’hc thermal and electrical performance was
evaluated, both at the beginning of life and after
10 years of operation, for  30 mm of cvacuatcd
h41N-K the rmal  insu la t ion .  ‘1’hcsc r e su l t s  a rc
summarized in 7’able 1.

—..

30 mm MI N-K (vat) 30 mm MI N-K (vat)
(1101.) (F, OI--IO years)

RIIU Power (W) 1.10 1.02

Power thru module (W) 0.77 0.72

Power thru Iliq’c (W) 0.71 0.68

‘1’--RIIU surface (K) 475 460

“1’--IliTc  hot junction (K) 455 441

T--Ili’l’c  cold junction (K) 305 304

T--radiator (K) 300 300
Electric l’owcr  (nlW) 42 37

Voltage @ Max. Power (v) 15 14



Iloth  cases, clcscribcd  in “1’able 1, were
cnlculatccl  for a module with the sarnc geometry.
It assumed a total of 484 couples conncctcd  in
scricsancl  assembled intoa single moclulc.  Erich Icg
of each couple was assumed to bc 0,30 mm x 0.30
mm with a length of 30 mm. Surrounding each lcg
was assumccl to bc 0,025 mm of Kapton  and  0.025
mm of epoxy. Thus, the total cross-section of the
moclulc is 123 square millimeters (1 1 mm x 11 mm)
with a Icngth  of 30 millimeters.

q’hc R1l U and 30 mm of thermal insulation
would  al l  package into  a cylincicr  which is  86
millimeters in cliarnctcr,  Onc cnd  of this cylinder
could  provide 5800 square millimeters of radiator
nrca, which is more than enough area to reject all
of the waste heat at 300 K,

ISsucs

“1’hc first area of concern is whether a total
of 484 COUPICS (968 legs) of such small ciimcnsions
could bcpractica llyasscmblcd  intoa singlcmodulc.
I,cgs with this cross-section have already been
f a b r i c a t e d  a n d  clcctrodcs  bonded  on to  thcm,
IIowcvcr,  if it was cicsircd  to deliver the power at
30 VIX, the number of COUPICS would need to bc
cioublcd,  with a resulting smaller cross-section.
Alternatively, if the voltage was rcducccl  to 2 to 5
V1>C, the number of couples could bc cut to onc-
thircl to onc-seventh and the individual Icg cross-
scction  incrcascd.  If the power were clclivcrcd  at
2-5 VIX, it could bc up-con  vcrtcd to 15 or 30 volts
using already existing technology. ~’hc cxpcctccl
conversion efficiency would  bc about 80°/0.

‘1’hc second area of concern is whether it is
possible to keep the thermal insulation cvacuatcd
at all times, “1’hc RHU, bccausc  of the relatively
low tcmpcraturc  of the plutonium-ctioxidc  fuel, is
cxpcctccl  to retain almost all of the inert decay
gases and not rclcasc thcm,  Thcrcforc,  it should bc
possible to seal the RlllJ,  thermal insulation and
convcrtcr  into a hermetically scaled container.
Alternatively, if the Powcrstick  were to operate in
deep space, it should bc relatively simple to assure
a vacuum environment for any thcrrnnl  insulation.
If the l’owcrstick  were to operate on the surface of
Mars, the atmospheric pressure is cxtrcmcly  low
and probably would not  degrade the thermal
insulation cffcctivcncss  significantly.

A third area of concern relates tothcsafcty
o f  bisIlltltl~-tcllllridc. If bismuth -tclluridc  is

exposed to supcrhcatccl  steam, the tellurium could
react with hydrogen to form hydrogen-tclluridc
which is a toxic gas, Tcsls  have been performed,
and it is known that if bismuth -tclluridc  is put into
room tcmpcraturc  water, no reaction takes place.
It was estimated that it would require interaction
with supcrhcatcd  steam at 200 to 300°C  before any
significant reaction would take place. Thcrcforc,
it docsn’t  seem like an intractable safety issue,
especially considering the very small amounts of
material involved (-2 grams of Ilirl’c).  IIowcvcr,  it
is an issue that will need further consideration.

~“hc authors plan to address all concerns
during the ongoing prototype dcvclopmcnt.
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